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Postdepolarization Potentiation of GABA , Receptors:
A Novel Mechanism Regulating Tonic Conductance in
Hippocampal Neurons

Christopher B. Ransom,'* Yuanming Wu,! and George B. Richerson'?
Departments of 'Neurology and 2Cellular and Molecular Physiology, Yale University School of Medicine, New Haven, Connecticut 06510, and *Neurology
Service, West Haven Veterans Affairs Medical Center, West Haven, Connecticut 06516

Ambient GABA in the brain activates GABA , receptors to produce tonic inhibition. Membrane potential influences both GABA transport
and GABA,, receptors and could thereby regulate tonic inhibition. We investigated the voltage dependence of tonic currents in cultured
rat hippocampal neurons using patch-clamp techniques. Tonic GABA , conductance increased with depolarization from 15 = 3 pS/pF at
—80mV to 29 £ 5 pS/pF at —40 mV. Inhibition of vesicular or nonvesicular GABA release did not prevent voltage-dependent increases
of tonic conductance. Currents evoked with exogenous GABA (1 uMm) were outwardly rectifying, similar to tonic currents caused by
endogenous GABA. These results indicate that the voltage-dependent increase of tonic conductance was attributable to intrinsic GABA ,
receptor properties rather than an elevation of ambient GABA. After transient depolarization to +40 mV, endogenous tonic currents
measured at —60 mV were increased by 75 % 17%. This novel form of tonic current modulation, termed postdepolarization potentiation
(PDP), recovered with a time constant of 63 s, was increased by exogenous GABA and inhibited by GABA, receptor antagonists. Mea-
surements of E, 5, showed PDP was caused by increased conductance and not a change in the anion gradient. To assess the functional
significance of PDP, we used voltage-clamp waveforms that replicated epileptiform activity. PDP was produced by this pathophysiolog-
ical depolarization. These data show that depolarization produces prolonged potentiation of tonic conductance attributable to voltage-
dependent properties of GABA , receptors. These properties are well suited to limit excitability during pathophysiological depolarization

accompanied by rises in ambient GABA, such as occur during seizures and ischemia.

Introduction

In many areas of the brain, ambient levels of extracellular GABA
tonically activate GABA , receptors in extrasynaptic and perisyn-
aptic locations (Semyanov et al., 2004; Farrant and Nusser, 2005).
This tonic form of inhibition is mediated by GABA, receptors
distinct from those underlying phasic inhibition at synapses and
represents a potent inhibitory mechanism for neurons. For ex-
ample, in mature cerebellar granule cells, the total charge transfer
from tonic inhibition is threefold larger than that produced by
phasic inhibition (Hamann et al., 2002). Genetic or pharmaco-
logical disruption of tonic inhibition increases firing rate of cer-
ebellar granule cells in vitro and in vivo (Brickley et al., 2001;
Chadderton et al., 2004), produces hippocampal hyperexcitabil-
ity (Maguire et al., 2005; Glykys and Mody, 2006), promotes
tonic firing of thalamocortical neurons (Cope et al., 2005), alters
cellular and behavioral correlates of learning and memory
(Cheng et al., 2006; Dawson et al., 2006), and influences anxiety-
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related behaviors (Shen etal., 2007). Additionally, the expression,
localization, and function of GABA, receptor subunits underly-
ing tonic inhibition is altered in experimental temporal lobe ep-
ilepsy (Houser and Esclapez, 2003; Peng et al., 2004; Scimemi et
al., 2005; Zhang et al., 2007), suggesting a role for tonic inhibition
in epileptogenesis. Defining the regulation of tonic inhibition is
therefore highly relevant to brain function in health and disease.

Phasic inhibition is rapidly modulated over seconds to min-
utes through changes in presynaptic release, postsynaptic GABA
receptor modulation via second messenger cascades, and alter-
ations in chloride gradients (Staley et al., 1995; Poisbeau et al.,
1999; Raddliffe et al., 1999; Cai et al., 2002; Kullmann and Semyanov,
2002; Fujiwara-Tsukamoto et al., 2007; Wanaverbecq et al.,
2007). In contrast, less is known about modulation of tonic inhi-
bition over short time periods. The concentration of ambient
GABA is influenced by vesicular GABA release at synapses, as well
as both uptake and release of GABA by transporters (Wu et al,,
2001, 2007; Richerson and Wu, 2003; Semyanov et al., 2003;
Keros and Hablitz, 2005; Glykys and Mody, 2007). These mech-
anisms regulate tonic inhibition and are sensitive to changes in
ongoing neural activity. Modulation of extrasynaptic GABA , re-
ceptor behavior could also regulate tonic inhibition. Because
both GABA transporters and hippocampal GABA, receptors
have voltage-dependent properties (Segal and Barker, 1984; Gray
and Johnston, 1985; Yoon, 1994; Richerson and Wu, 2003; Wu et
al., 2007), we investigated the effects of membrane depolarization
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on tonic GABA currents in rat hippocampal neurons. We find
that membrane depolarization rapidly (within seconds) increases
tonic GABA conductance. This increase of tonic current is indepen-
dent of changes in ambient GABA or intracellular anion accumula-
tion and is primarily attributable to intrinsic voltage-dependent
properties of GABA , receptors. Finally, we demonstrate that poten-
tiation of tonic currents by membrane depolarization persists after
repolarization. This persistent effect is novel and is produced with
pathophysiological forms of depolarization. These properties are
well suited to provide negative feedback to neurons during periods
of robust depolarization.

Materials and Methods

Cell culture. Primary hippocampal cell cultures were prepared as previ-
ously described (Gaspary et al., 1998). In brief, 0- to 2-d-old Sprague
Dawley rat pups of both sexes were decapitated, and the hippocampi
were dissected. The tissue was minced in sterile-filtered, HEPES-buffered
solution and then treated with a digestion solution containing papain (10
U/ml), 0.5 mm EDTA, and cysteine (0.2 mg/ml) for 15 min. The enzyme-
treated tissue was triturated in complete Minimum Essential Medium
(MEM), trypsin inhibitor (1.5 mg/ml), and bovine serum albumin (1.5
mg/ml). Triturated cells were added to culture media (MEM/10% FBS,
100 U/ml penicillin, and 1.5 mg/ml streptomycin) and plated directly on
polyornithine-coated round glass coverslips (Erie Scientific) in 12-well
culture dishes at a density of 2.5-5 X 10 5 cells/ml. After 1 h, medium was
changed to 70% MEM/30% Neurobasal with B27 supplement (Invitro-
gen). Cells were maintained in an incubator (Thermo Fisher Scientific;
model 3110) with a humidified environment containing 5% CO, in
room air at 37°C. Medium was changed on days 5-6 to Neurobasal
medium with B27 supplement and 1 uMm cytosine arabinoside (Ara-C),
followed by one-half medium changes (without Ara-C) every 7 d.
Electrophysiology. Conventional whole-cell patch-clamp techniques were
used to record membrane currents from neurons aged 14— 60 d in vitro. Cells
were visualized with an Axiovert 200 inverted microscope with differential
interference contrast optics (Carl Zeiss). Recordings were made using an
Axopatch 1D amplifier, a Digidata 1440A analog-to-digital converter, and
pClamp 10 software (Molecular Devices). Data were acquired at 2-5 kHz
and low-pass filtered at 1 kHz. Series resistance and whole-cell capacitance
were determined and compensated 50—70% on-line; whole-cell capacitance
was recorded as the compensation value from the front of the amplifier.
Drug applications were made via a microperfusion device (SF-77B; Warner
Instruments) connected to manifolds that allowed up to five test solutions to
be applied in a single experiment. Flow through the manifolds was con-
trolled with electronic solenoid valves (Parker Hannifin; General Valve) and
step application of test solutions was controlled by pClamp software. The
microperfusion device produced 90% solution exchange times of 50—55 ms
across open pipette tips. The recording chamber (RC-26; Warner Instru-
ments) had a volume of ~0.3 ml and was continuously superfused at a rate of
~0.5 ml/min with bath solution that contained the following (in mm): 134
NaCl, 3KCl, 1.4 NaH,PO,, 24 NaHCO;, 10 dextrose, 2 MgCl,, 2 CaCl,, 1-3
kynurenic acid, and 0.001 CGP 55845 [(2S)-3-[[(1S)-1-(3,4-dichlorophe-
nyl)ethyl]amino-2-hydroxypropyl]-(phenylmethyl)phosphinic acid]. The
pH was 7.35-7.4 when bubbled with 95% O,/5% CO,. Osmolarity was
adjusted to 305 mOsm with H,O. Kynurenic acid was omitted from solu-
tions used to record spontaneous action potentials in the presence of 4-ami-
nopyridine (4-AP). Patch electrodes were made with borosilicate glass
without filament (593400; A-M Systems) using a micropipette puller (P-97;
Sutter Instrument). Pipettes had resistances of 2.5-3.5 M) when filled with
an intracellular solution containing the following (in mm): 125 CsCl, 10
lidocaine N-ethyl bromide (QX-314) chloride salt, 10 HEPES, 1 EGTA, pH
corrected to 7.25 with CsOH. Osmolarity was adjusted to 275-285 mOsm
with H,O as needed. In experiments with low intracellular CI , this pipette
solution was modified to include 120 mm Cs-methanesulfonic acid and 5 mm
CsCL To record action potentials in the presence of 4-AP, an intracellular
solution was used that contained the following (in mm): 125 K-gluconate, 10
KCl, 10 HEPES, and 1 EGTA. All chemicals were purchased from Sigma-
Aldrich except N-(4,4-diphenyl-3-butenyl)-3-piperidine carboxylic acid
[SKF-89976A (SKF)], 1-[2-[tris(4-methoxy-phenyl)methoxy]ethyl]-( S)-3-
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piperidinecarboxylic acid (SNAP-5114) (Tocris Bioscience), and QX-314
(Alomone Labs). Data acquisition was begun 3—5 min after establishing a
whole-cell recording. Experiments were performed at room temperature,
typically 23°C.

Analysis. Data analysis was performed with Clampfit (pClamp 10; Molec-
ular Devices) and Origin (version 6.1; OriginLab) software. Tonic current
amplitudes were measured as the difference in mean holding current in the
absence and presence of a GABA , receptor antagonist (bicuculline methio-
dide or 6-imino-3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid
[SR95531 (SR)]). The mean current values were obtained from Gaussian fits
of all-point amplitude histograms of current (see Fig. 1 B). Histograms were
constructed from 2-10 s of data with a bin width of 1 pA. Gaussian fits were
performed using a Levenberg—Marquardt curve-fitting algorithm provided
in Clampfit software. Time constants for recovery of current potentiation
were determined by fitting normalized current data with a single exponential
function using a least-squares curve-fitting routine provided in Origin soft-
ware. The slope of conductance versus voltage plots and [-V curves were
determined by fitting data with a linear equation. Chord conductance, g, was
calculated from the following equation:

g = I/(Ey, — Egapa)s

where [ is current amplitude, E,, is membrane potential, and E 5 is the
reversal potential for GABA currents (a composite of the equilibrium
potential for permeant anions including Cl ~ and HCOy ). The theoret-
ical Nernst potential for chloride was 0 mV and this value was used for the
calculations of chord conductance presented in Figures 1 and 2. In some
experiments, the reversal potential of tonic currents and currents evoked
with exogenous GABA were measured directly and used as E; 5. The
above equation was rearranged for the calculations of current presented
in Figure 9C. Data in Figure 5E were fit with a Boltzmann equation of the
following form:

1

I/ Icomrol = q(V—Vos)IkT]>

1+ expl”
where I/I_ .. is normalized current, q is the effective gating charge, V'is
membrane potential, V| 5 is the apparent half-maximal voltage, k is the
Boltzmann constant, and T'is temperature in Kelvin. Under our condi-
tions, the term kT was ~25.6 V - C. We calculated the percentage inhibi-
tion for postdepolarization potentiation (PDP) of tonic currents
produced by bicuculline as follows: % Inhibition = [1 — (%PDPg;/
%PDP,.)] X 100, where %PDPy; and %PDP_ are percentage poten-
tiation of tonic currents seen after depolarization in the presence of
bicuculline or under control conditions, respectively.

Data values are presented as mean = SEM, and all error bars represent
SEM. Statistical analyses were performed using Microsoft Excel. A two-
tailed, paired or homoscedastic Student ¢ test was used, with a p value of
0.05 considered to be significant. Where appropriate, the actual p values
are reported.

Results

Voltage dependence of tonic GABA conductance

The voltage dependence of tonic inhibition was evaluated in cul-
tured hippocampal neurons by measuring tonic current ampli-
tude over a range of membrane potentials from —100 to +40
mV. Attention was focused on larger neurons (whole-cell capac-
itance range, 43-100 pF), and recording conditions were de-
signed to isolate GABA, receptor currents. Representative
current traces recorded at —40 and +40 mV during bicuculline
application are presented in Figure 1A. Tonic current amplitude
was defined as the change in mean holding current induced by
application of 10 uM bicuculline. Mean holding current was de-
termined from Gaussian fits to all-points amplitude histograms
constructed from segments of current data (Fig. 1 B). Bicuculline
was applied within 30 s of changing membrane potential. As
shown previously, there was a significant amount of tonic current
in cultured neurons (Wu et al., 2001). Because neurons were
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Figure1.  Tonic GABA, conductance in rat hippocampal neurons increased with depolariza-

tion. A, Tonic GABA, receptor-mediated currents at —40 and +40 mV. The horizontal bars
indicate period of bicuculline application (10 m; Bic) in this and subsequent panels. B, Quan-
tification of tonic current amplitude. All-points histograms were created from current data
before and after Bic application (gray bars inright panel). The peaks of these histograms were fit
with a Gaussian equation (solid lines in right panel) to determine mean current amplitudes
(dashed lines). Tonic current was defined as change in mean holding current produced by
bicuculline. C, Current—voltage (/—V) plot from the neuron in A. Values are means of two to
three measurements at each potential. Tonic currents were outwardly rectifying. D, Tonic chord
conductance as a function of voltage from data illustrated in A-C. Tonic conductance increased
in a near-linear fashion with membrane depolarization. The solid line represents a linear fit of
the data (slope, 13 pS/mV). E, Mean current density as a function of voltage for all neurons
tested (n = 12). F, Mean capacitance-specific conductance as a function of voltage for all
neurons tested (n = 12). Linearfit of the data had a slope of0.32pS + pF ~" - mV ~". Error bars
represent SEM.

continuously superfused by bath solution, this presumably re-
sulted from activation of GABA, receptors by ambient GABA
that was trapped between the recorded neurons and other neu-
rons, glia, or the culture dish. Tonic currents were outwardly
rectifying, seen by comparing currents measured at +40 and —40
mV (Fig. 1A,B) (Ec; ~ 0 mV) and in the I-V curve for tonic
current (Fig. 1C). Tonic current amplitudes in Figure 1C are the
mean of one to three measurements at each potential. Calculation
of chord conductance (using the theoretical E.; value of 0 mV as
E;apa) showed that tonic GABA conductance increased in a
near-linear manner with membrane depolarization (Fig. 1D).
Summary data for current and conductance (normalized to
membrane capacitance) also showed outward rectification and a
near-linear increase in conductance (Fig. 1E,F) (n = 12 cells).
The mean specific conductance was 15 = 3 pS/pF at —80 mV and
29 = 5 pS/pF at =40 mV ( p < 0.01). On average, tonic GABA
conductance of hippocampal neurons increased with depolariza-
tion by 0.32 pS+ pF '+ mV "' (Fig. 1 F).
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The prolonged membrane depolarization used above to mea-
sure tonic current could potentially produce changes in intracel-
lular C1 ™ and HCOj5 concentrations. This could increase current
amplitude through changes in electrochemical driving force
rather than an actual increase in conductance. To evaluate this
possibility, cells were held at —60, —20, and +40 mV for 2-3 min
and then given voltage ramps (—60 to +40 mV over 2.5 s) before
and during bicuculline exposure. Point-by-point subtraction of
these records yielded the “bicuculline-sensitive” ramp current
and allowed determination of tonic current reversal potential
(i.e., Egapa) (data not shown). The reversal potential for tonic
current was not significantly different when measured from
holding potentials of —60, —20, or +40 mV (—0.1 = 0.8, 0.1 =
1.0, and 2.0 = 0.9 mV, respectively; n = 8; p values of 0.81 and
0.13). Thus, changes in E; 5, cannot account for the increased
tonic current amplitudes seen with depolarization. For changes
in driving force alone to account for the increased tonic current
amplitude seen with depolarization from —40 to +40 mV in the
neuron in Figure 1, A and B, E; 55, would have needed to shift by
+24 mV (much larger than the insignificant shift of +2 mV seen
experimentally).

Similar results were obtained using SR (100 M) as the GABA
receptor antagonist to measure tonic current. Tonic currents
measured with SR were outwardly rectifying and the capacitance-
specific conductance increased during depolarization with a
slope of 0.21 pS* pE~'+mV ! (n = 4). The mean capacitance-
specific tonic conductance seen with SR was 8 = 2 and 15 = 4 pS/pF
at —80and —40 mV, respectively. Although the capacitance-specific
conductance seen in experiments with SR was lower than values
obtained with bicuculline, with either antagonist there was an ap-
proximately twofold increase in tonic conductance when cells were
depolarized from —80 to —40 mV. Because these data with SR were
obtained from a different subset of neurons than those with bicucul-
line, it is not possible to directly compare the absolute conductance
between the two datasets. The lower conductance seen with SR may
be attributable to variability between hippocampal cultures.

Effect of reducing vesicular and nonvesicular GABA release
on the voltage dependence of tonic currents

The increase in tonic conductance seen with depolarization could
be attributable to elevated ambient [GABA]. Ambient GABA may
increase during membrane depolarization through reduction of
driving force for GABA uptake into the recorded neuron or nonve-
sicular release of GABA by reversal of GABA transport (Richerson
and Wu, 2003; Wu et al., 2007). Because there was no GABA in our
intracellular recording solution, nonvesicular release from the depo-
larized neuron was not expected to occur, but it is possible that
depolarization would reduce GABA uptake. To assess the contribu-
tion of GABA transporters to the voltage dependence of tonic inhi-
bition, we measured tonic current in the presence of the GAT1
inhibitor SKF. SKF inhibits GABA transport in these neurons with
an IC,, of 1.3 uM, and >80% inhibition is produced by 10 um (Wu
etal., 2007). To ensure maximal block of GABA transport, we used a
high concentration of SKF (40 uMm). The current response to exoge-
nous GABA (0.5 uM) was not affected by 40 pum SKF (104 * 8% of
control; n = 7; p = 0.65) (data not shown), indicating that SKF did
not act directly on GABA, receptors. As previously reported (Rossi
etal,, 2003; Wu et al., 2003), application of SKF induced an inward
current that reached a peak within 15-20 s (average peak amplitude
of —283 * 68 pA; n = 6) and decayed to a steady state within 60 s.
This inward current was completely blocked by bicuculline (10 um),
indicating that it was caused by elevated ambient GABA acting on
GABA,, receptors (Fig. 2A). At —60 mV, tonic current density was
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ular GABA release. A, Current responses to bicuculline application (Bic) (10 M) under control conditions (left panel) and in the
presence of SKF (40 wum) (right panel). Tonic current was increased by SKF. Holding potential was —40 mV. B, Mean tonic current
density (in picoamperes/picofarad) versus voltage under control conditions and in presence of SKF (n = 6). Outward rectification
was unaffected by SKF. C, Mean capacitance-specific conductance versus voltage (n = 6). There was a shift in the conductance
curve, but the voltage dependence of tonic conductance was unaffected by SKF; the slopes of the solid lines are 0.31 and 0.33
pS/pF - mV ~ for control and SKF, respectively. The symbols are the same as in B. D, Current responses to Bic under control
conditions (left panel) and with zero extracellular Ca®* /1 mm EGTA (right panel). As seen previously (Wu et al., 2006), phasic
currents were reduced by zero extracellular Ca 2™, but tonic currents were not (amplitudes of illustrated tonic currents were —31
pAfor control and — 38 pAforzero Ca ™). Holding potential was — 60 mV. E, Tonic current density versus voltage for experiments
withzero a2 /1 mum EGTA (n = 6). F, Capacitance-specific conductance versus voltage for all neurons tested in zero Ca® /1 mm
EGTA. The symbols are the same as in E. The voltage-dependent increase in tonic conductance was independent of
extracellular Ca**. The slopes of the solid lines are 0.30 and 0.23 pS/pF - mV " for control and zero Ca>*, respectively.

Error bars represent SEM.

reversibly increased by SKF from —0.91 * 0.11 to —2.05 * 0.15
pA/pF (n = 6; p < 0.01). Mean current density and
capacitance-specific conductance from cells studied with SKF are
plotted against voltage in Figure 2, B and C. In the presence of SKF,
tonic currents displayed outward rectification and the near-linear
relationship between tonic conductance and membrane potential
seen under control conditions persisted. The specific conductance in
the presence of SKF increased from 29 = 3 to 46 = 9 pS/pF when
neurons were depolarized from —80 to —40 mV. The solid lines in
Figure 2C are linear fits to the data with slopes of 0.31
pS:pF~'*mV " and 0.33 pS- pF ' - mV ™" for control and SKF,
respectively. Thus, there was a shift in conductance to higher levels
because of increased ambient [ GABA], without a change in the volt-
age dependence. The GAT-3 inhibitor SNAP-5114 (100 uM) alone
or in combination with SKF did not affect the voltage dependence of
tonic current (n = 3) (data not shown).

Vesicular release of GABA also regulates tonic current ampli-
tude (Glykys and Mody, 2007). Depolarization of a recorded neu-
ron could increase vesicular release from the same neuron or
from neighboring cells. The inclusion of QX-314 in our pipette
solution would limit action potential-mediated vesicular release
of GABA from recorded neurons. Furthermore, recordings were
made from large, pyramidal-appearing neurons so most neurons
studied were probably not GABAergic. In hippocampal neurons,
evoked IPSCs between neuron pairs are completely blocked by
zero extracellular Ca** (Wu et al., 2006). The frequency and

with exogenous GABA
Inhibition of GABA transport or vesicular
GABA release did not affect the increase in
tonic current with depolarization, sug-
gesting that this was not attributable to an
elevation of ambient [GABA]. To assess
the voltage dependence of GABA, recep-
tors, exogenous GABA (1 uM) was applied
to neurons held at a range of membrane
potentials (—100 to +40 mV). Current
amplitude was measured early during
GABA application (near peak current at
—60 mV) and near steady state. As previ-
ously reported for hippocampal neurons (Segal and Barker, 1984;
Ashwood et al., 1987; Yoon, 1994; Pytel et al., 2006), GABA-
evoked currents were outwardly rectifying (Fig. 3). The outward
rectification was most pronounced when currents were measured
at the end of a 10 s GABA application (Fig. 3B,C). A GABA
concentration of 1 uM is not selective for extrasynaptic/perisyn-
aptic receptors that mediate tonic currents, but the steady-state
currents induced by this level of GABA are most relevant to tonic
activation of these receptors. These data also show an acceleration
of desensitization with hyperpolarization and slow, continuous
activation of current at +40 mV (Fig. 3A) (Yoon, 1994). This
latter feature was seen with GABA concentrations of 1-30 uMm.
To compare the voltage dependence of endogenous tonic cur-
rents and currents evoked with exogenous GABA, we calculated
the ratio of current at +40 mV to current at —40 mV (i.e., recti-
fication ratio) (Fig. 3D). The rectification ratio of currents evoked
with exogenous GABA (1 uMm) ranged between 1.93 * 0.2 for
currents measured early during GABA application (near peak
current at —60 mV) to 3.35 = 0.5 for currents measured near
steady state (n = 5). These values were not significantly different
from endogenous tonic currents under control conditions (rec-
tification ratio, 2.56 * 0.3; range, 1.63—4.37; n = 12). No signif-
icant changes in rectification ratio of tonic currents were seen in
the presence of SKF (1.89 * 0.1; range, 1.58-2.48; n = 6; p =
0.11) or with zero Ca**/1 mm EGTA (2.78 = 0.5; range, 1.70—
4.73; n = 6; p = 0.90) compared with control conditions. The
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Figure 3. Currents evoked with exogenous GABA were outwardly rectifying. A, Current
traces during GABA application (1 wm) at different holding potentials (as indicated). Baselines
are adjusted to allow comparison of currents. Note the acceleration of desensitization at hyper-
polarized potentials and the slow, continuous activation of currents at +40 mV. B, /-V/ plot of
current from the neuron in A. Currents were measured early during GABA application (near
“peak” current at —100 mV; closed circle) and before offset of GABA (“steady state”; open
circle). Outward rectification is most pronounced for currents measured near steady state.
C, Mean current density (in picoamperes/picofarad) as a function of voltage from five cells
studied as in A. D, Rectification ratio for endogenous tonic currents and currents evoked with
exogenous GABA. Rectification ratio with exogenous GABA is for steady-state currents. No sig-
nificant difference in rectification ratio was seen for currents evoked with exogenous GABA and
endogenous tonic currents under control conditions ( p = 0.38). Rectification ratios of tonic
currents with SKF or zero Ca 2™ were not significantly different from control conditions ( p =
0.17and p = 0.90, respectively). The numbers in parentheses indicate number of cells in this
and subsequent figures. Error bars represent SEM.

similar outward rectification of endogenous tonic currents and
currents evoked with exogenous GABA is consistent with the
voltage dependence of tonic currents being primarily attributable
to intrinsic properties of extrasynaptic GABA, receptors rather
than to elevation of ambient GABA.

PDP of GABA currents

While examining the voltage dependence of GABA current, it was
found that, after GABA was applied at +40 mV, subsequent
GABA currents at —60 mV were increased. To characterize this
effect, repeated applications of GABA (1 uM) were made every
30 s at a holding potential of —60 mV. After a stable baseline was
established, GABA was applied while neurons were depolarized
to +40 mV (total depolarization time was 15 s). Neurons were
then repolarized to —60 mV and the GABA response was mea-
sured again (Fig. 4A). On average, the peak and steady-state cur-
rent amplitudes measured 30 s after repolarization were
increased by 55 = 7 and 52 = 9%, respectively (n = 5). This PDP
of GABA current persisted for up to 120 s in some cells (Fig. 4A).
Recovery from PDP followed an exponential time course. The
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Figure4. PDP of GABA currents. A, Current recordings during repeated GABA applications (1
;5 s) atindicated times (holding potential, —60 mV). At ¢t = 0, GABA was applied at +40
mV (note the slow activation of the GABA response similar to that seen in Fig. 3). Both peak and
“steady-state” current at —60 mV were increased when measured 30 s after GABA, receptor
activation at +40 mV. PDP of steady-state currents was 46% in this neuron. Baselines are
adjusted to allow comparison of currents. B, Time course of normalized steady-state current
amplitudes for data in A. The solid line represents a single exponential function fit to the data.
Time constant for recovery of PDP was 25 5. C, Mean data from experiments on five cells asin A.
The time constant for recovery was also 25 s. Error bars represent SEM.

time constant for recovery of PDP was estimated by normalizing
current at —60 mV to baseline values and fitting a single expo-
nential function to these data (Fig. 4B). The time constant for
recovery of PDP was 25 s for the experiment illustrated (Fig.
4 A, B) and was the same for summary data from five cells (Fig.
4C). PDP was concentration dependent. With 3 um GABA,
steady-state currents measured 30 s after repolarization were po-
tentiated by 131 = 9% (n = 4) compared with 52 = 9% with 1 um
GABA (n = 5; p <0.05). PDP was also seen with low intracellular
Cl™ (15 mm) and HCO;-free (HEPES buffer) bath solution (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). Experiments with low intracellular C1~ were per-
formed with 3 um GABA. PDP with low intracellular Cl ~ aver-
aged 161 * 35% (n = 5), which was not different from PDP seen
with 3 uM GABA and 135 mu intracellular C1 ™ (131 = 9%; n =
4; p = 0.48) (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material).

Time and voltage dependence of PDP

To determine the minimum duration of depolarization required
to potentiate GABA currents, neurons were depolarized to +40
mV for 1-4.5 s during GABA application (Fig. 5A). Current was
measured 1.5 s after repolarization to —60 mV and normalized to
current at the corresponding time point during GABA applica-
tion without depolarization. With 1 uM GABA, the mean poten-
tiation was 11 * 9 and 82 = 19% after depolarization of 1 and
4.5 s, respectively (n = 4) (Fig. 5B). For the cell shown in Figure
5A, current after a 2.5 s depolarization was larger than the peak
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Figure 5.  PDP of GABA current was time and voltage dependent. A, Current responses to
GABA (1 um) with step depolarizations of increasing duration. Duration of initial depolarization
was 1sandincreased by 0.5 s with each subsequent trial (not all traces shown; illustrated traces
arefor0, 1.5,2.5,3.5,and 4.5 s of depolarization). A progressive increase in current amplitude
was seen on repolarization as the duration of the preceding depolarization increased. The bot-
tom panel shows command potentials. Note that the current after 2.5 s of depolarization was
larger than the peak current produced by GABA alone. B, Mean potentiation of current as a
function of depolarization duration. Current was measured 1.5 s after repolarization and nor-
malized to current values at corresponding time point of control trace (—60 mV) from experi-
ments asin A (n = 4). (, GABA-evoked currents (3 um) with step depolarization to a range of
potentials from —30to +30 mV. Current at —60 mV was potentiated by transient depolar-
ization to —30 mV (compared with control current recorded at —60 mV) and increased pro-
gressively as the magnitude of the preceding depolarization increased. D, Data from € on
expanded timescale illustrating the current increase seen on repolarization. Labels refer to
value of preceding depolarization (— 60 mV is control). £, Mean normalized current at —60 mV
asafunction of prepulse potential. Current was measured 1.5 s after repolarization and normal-
ized to corresponding time point of control trace (n = 4). Data are from experimentsasin C. The
solid line represents a Boltzmann equation fit to the data; the apparent half-maximal voltage
(Vy.5) for PDP of GABA current was + 10 mV. Error bars represent SEM.

current produced by GABA application alone, suggesting that
PDP was not simply reversal of desensitization.

The voltage dependence of PDP was examined by depolariz-
ing neurons from a holding potential of —60 mV to voltages
between —30 and +30 mV (10 mV steps; 6.5 s duration) during
GABA application (3 um) (Fig. 5C,D). Current was measured
1.5 s after repolarization to —60 mV and normalized to control
current. Current potentiation was 13 = 3% (n = 4) after depo-
larization to —30 mV even though the current continued to de-
sensitize, suggesting that potentiation represents a different
process than reversal of desensitization. Current potentiation in-
creased progressively with greater depolarization reaching 99 =
19% at +30 mV (Fig. 5E). PDP was seen after depolarization to
voltages at which little net current flow occurred (i.e., —10 to
+10 mV), implying that PDP of GABA current was independent
of intracellular anion accumulation during depolarization (see
below).

PDP of tonic currents
PDP of tonic currents was investigated with continuous applica-
tion of a low concentration of exogenous GABA (0.3 um) to
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provide more selective activation of high-affinity extrasynaptic/
perisynaptic GABA, receptors. The use of exogenous GABA
would also minimize any contribution of voltage-dependent al-
terations in ambient [GABA] to PDP. Application of 0.3 um
GABA increased tonic current by —314 = 42 pA (n = 11). Tonic
current was measured at —60 mV with repeated application of
bicuculline (10 pum; ~5's) (Fig. 6A). After establishing a baseline,
neurons were depolarized to +40 mV for 30 s, and tonic current
was again measured after repolarization (Fig. 6A). Tonic current
at —60 mV was increased by transient depolarization in all cells
tested (n = 11). Over the duration of a typical experiment (15-20
min), there was a progressive reduction in tonic current ampli-
tude to —159 * 18 pA, apparently because of rundown and/or
desensitization of extrasynaptic GABA, receptors (Fig. 6A,B).
To account for this rundown/desensitization, tonic currents were
normalized to the value preceding each depolarization. Peak po-
tentiation under control conditions (measured 3-8 s after repo-
larization) averaged 122 * 13% (range, 57-240%; n = 11).
Current rundown/desensitization was not associated with a re-
duction in PDP ( p = 0.44 for comparison of first and second
control depolarizations; # = 11). PDP of tonic current recovered
with a time course well described by a single exponential function
(Fig. 6B). The time constant for recovery averaged 45 * 4 s
(range, 23-78 s;n = 11). PDP of tonic currents also occurred with
smaller depolarizations to —20 mV (37 = 12%; n = 4) (data not
shown).

PDP was attenuated when neurons were depolarized in the
presence of the GABA, receptor antagonists SR or bicuculline
(Fig. 6 A—C). Wash of these antagonists began 1-3 s before repo-
larization, and care was taken to allow complete wash of the
antagonists before measuring tonic current (for example, see Fig.
6C, right panel). Wash of SR was slower than bicuculline but was
still complete within 10 s. Because of this, PDP was measured at
variable times after depolarization with antagonists. To compare
PDP under control conditions and after depolarization in the
presence of antagonists, normalized tonic currents were aligned
so that repolarization occurred at + = 0 (Fig. 6 D). With this
method, it can be seen that SR application during depolarization
reduced PDP for >60 s after repolarization (Fig. 6 D), much
longer than the time required for wash of SR. Mean potentiation
is plotted as a function of time after repolarization in Figure 6, E
and F. The first measurement of PDP after depolarization in the
presence of SR was significantly reduced compared with both the
first and second measurements under control conditions (1 = 5;
p < 0.01) (Fig. 6 E). With bicuculline, PDP was also significantly
reduced at all three time points compared with the corresponding
control measurements ( p < 0.01; n = 6). If incomplete wash of
bicuculline after the prolonged application was the cause of PDP
antagonism, then the percentage inhibition of PDP by bicucul-
line is predicted to decrease with time (as drug washed off). The
percentage inhibition produced by bicuculline for the first, sec-
ond, and third measurements of tonic current after repolariza-
tion was 62 * 12,66 = 12,and 83 = 16% (n = 6). The trend for
greater inhibition at the third measurement was not significant
(p = 0.11). Thus, the reduction in PDP during application of
antagonists was not attributable to incomplete washout of the
drugs. The time constants for recovery of PDP after depolariza-
tion in the presence of SR (66 = 17 s; n = 5) or bicuculline (47 =
8 s; n = 6) were not significantly different from control (45 = 4 s;
n = 11; p = 0.34 and 0.89, respectively).

Tonic current caused by endogenous GABA was also persis-
tently potentiated by depolarization (Fig. 7). In the absence of any
exogenous GABA, tonic current was increased by >10% in re-
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sponse to transient depolarization in 67%
(8 of 12) of cells tested, compared with
100% (11 of 11) of cells tested with 0.3 um
exogenous GABA. In cells that displayed
PDP with endogenous GABA (defined as
a >10% increase in current), the peak po-
tentiation (75 = 17%; range, 32—-165; n =
8) was smaller than seen with 0.3 uwm
GABA (121 = 13%; n = 11; p = 0.04).
PDP with endogenous GABA recovered
with a mean time constant of 63 * 15 s
(Fig. 7B) (range, 25-135 s; n = 8) and was
antagonized by SR (100 uMm) exposure
during depolarization (Fig. 7C). Tran-
sient application of exogenous GABA (1
M) for 5 s during neuronal depolariza-
tion only enhanced the subsequent PDP
of endogenous tonic currents that oc-
curred on repolarization (Fig. 7C). PDP of
endogenous tonic current was also seen in
the presence of SKF (40 um) (153 * 53%
potentiation; n = 5) and in solutions with
zero Ca®"/1 mm EGTA (52 =+ 2% poten-
tiation; n = 4) (data not shown).

PDP resulted from increased

GABA conductance

The outward current produced by GABA ,
receptor activation at +40 mV represents
an inward movement of anions and could
lead to intracellular anion accumulation.
The contribution of intracellular anion
accumulation (and changes in electro-
chemical driving force) to PDP was eval-
uated by recording membrane currents in
response to voltage ramps in the presence
and absence of exogenous GABA (1-3
uM) (Fig. 8A). Difference currents were
obtained by subtracting these records and
used to determine the reversal potential of
GABA-evoked currents (i.e., Egapa). TO
reproduce the timing previously used to
measure PDP (Fig. 4A), difference cur-
rents were determined at baseline (t = —30
s) and then 30 s after GABA application at
+40 mV (t = 30 s) (Fig. 8 B). Chord con-
ductance at —60 mV was calculated using
the measured value of E; p.. We also
determined slope conductance from
ramp currents using a linear fit to data
between —60 and —10 mV. For the ex-
periment illustrated in Figure 8C, E;z5a
was —3.0 mV before depolarization.
Thirty seconds after GABA was applied
at +40 mV, Eg,p, was shifted to +3.6
mV, indicating intracellular anion accu-
mulation. The chord conductance was
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Figure6.  PDPoftonic currents. 4, Tonic currentsin the presence of low levels of exogenous GABA (0.3 wum). Upward deflections

(e.g., the one indicated by solid arrow) represent response to 10 wm bicuculline (Bic) used to measure tonic current amplitude.
Tonic current at —60 mV was increased by transient depolarization to +40 mV (large upward deflections). This increase was
attenuated when depolarization occurred in the presence of the GABA, receptor antagonists SR (100 wum) or Bic (10 wm). B, Tonic
current amplitude from experiment in A. The solid lines represent single exponential fits, and time constants () for recovery after
each depolarization are indicated. The lowercase letters refer to sequentially labeled depolarizations in A. Note the progressive
rundown of tonic current over duration of experiment (dashed line), which was seen in 11 of 11 cells studied with 0.3 um GABA.
C, PDP of tonic currents under control conditions (left panel) and when depolarization occurred in the presence of SR (right panel)
on expanded timescale (different neuron than in A and B). Wash off of SR occurred in <<10 s and was complete hefore measuring
tonic current with Bic. D, Normalized tonic current from data in C. Data were normalized to value immediately preceding each
depolarization and aligned so that repolarization occurred at t = 0. The gray bar indicates period of depolarization to +40 mV.
PDP induced in the presence of SR was reduced compared to control for T min after repolarization, much longer than the time
required for wash of SR. The solid lines are single exponential fits to data with indicated time constants. E, Mean potentiation of
tonic current versus time after repolarization for experiments with and without SR. Peak PDP with SR was significantly reduced
compared with both the first and second measurements under control conditions ( p << 0.01; n = 5). F, Potentiation of tonic
current versus time after repolarization for experiments with and without Bic. PDP induced in Bic was significantly reduced
compared with each corresponding control measurement ( p << 0.01; n = 6). Error bars represent SEM.

cannot be accounted for simply by changes in driving force

17.2 nS under baseline conditions and 32.2 nS after depolar-
ization, an 87% increase. Similar values were obtained from
the slope conductance (a parameter that is independent of
E;apas values indicated in Fig. 8C). On average, E g4 shifted
from —4.9 £ 0.9 mV at baseline to +2.9 = 0.9 mV postdepo-
larization (n = 5). Thus, the increased current during PDP

because of anion accumulation.

PDP of conductance was also seen with physiological intracel-
lular C1 ™ concentration ([Cl ™ ];, = 15 mM) (Fig. 8 D). With this
lower [Cl ™ ],,, EGapa Was —59.8 = 2 mV at baseline and shifted to
—28.5 = 5mV 30 s after GABA (3 uMm) was applied to depolarized
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neurons (n = 5). Slope conductance of the neuron in Figure 8 D
increased from 13 nS at baseline to 33 nS at # = 30. Both slope and
chord conductances were significantly increased after GABA,
receptor activation at +40 mV with high or low intracellular Cl ~
concentrations ( p < 0.05; n = 5 cells at each Cl ~ concentration)
(Fig. 8 E, F). In experiments with low [Cl ™ ];,,, chord conductance
was calculated at —70 mV and slope conductance was deter-
mined with linear fits to data from —70 to —20 mV. PDP of
GABA conductance was also seen in HCOj -free bath solution
(HEPES). The average chord conductance at —70 mV increased
from 16.6 nS at baseline to 33.1 nS after depolarization in HEPES
(n = 2). There was no significant difference between the poten-
tiation of slope conductance with low [Cl " ];, (mean, 86 = 26%;
range, 23-154%; n = 5) and high [Cl ], (mean, 51 * 13%;
range, 20-94%; n = 5; p = 0.34).

Because PDP of GABA current was observed within seconds
of repolarization (Fig. 5A), it is possible that anion accumulation
at these time points could be larger than that measured 30 s after
repolarization. To evaluate this, chord conductance was mea-
sured before and after step depolarization in the presence of
GABA (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). These data indicate that, 1 s after repo-
larization, when anion accumulation should be maximal, PDP
was associated with absolute increases in conductance.

Time course for PDP of tonic conductance

To determine the time course of tonic conductance changes pro-
duced by depolarization, we simultaneously measured reversal
potential and tonic current amplitude in the presence of 0.3 um
exogenous GABA. A voltage ramp protocol (—30 to +30 mV
over 500 ms) was repeated every 10 s from a holding potential of
—60 mV. Bicuculline was applied at 3050 s intervals, and traces
recorded in the presence of bicuculline were averaged and sub-
tracted from control sweeps to yield tonic current amplitudes at
—60 mV and bicuculline-sensitive ramp currents. Figure 9A il-
lustrates bicuculline-sensitive ramp currents recorded during a
baseline period at —60 mV, during depolarization to +40 mV,
and then after repolarization to —60 mV (times of ramp currents
indicated in figure). During depolarization, there was a progres-
sive shift of reversal potential (i.e., E;ops) toward positive volt-
ages that stabilized near +6 mV after 110 s of depolarization to
+40 mV (experiment time of 260 s) (Fig. 94, B). On return to

% potentiation

PDP of endogenous tonic currents. A, Tonic currents caused by endogenous GABA before and after depolarization to
+40 mV. Period of depolarization is clipped to display the PDP of tonic current. Upward deflections (e.g., the one indicated by
arrow) are the response to 10 wum bicuculline (Bic). B, Time course of normalized tonic current from A. The solid line is a single
exponential fit with indicated time constant. ¢, Summary of peak PDP for tonic current caused by endogenous GABA. Depolariza-
tion in the presence of 100 um SR attenuated PDP of endogenous tonic currents. PDP of endogenous tonic currents was increased
by a5 s application of exogenous GABA (1 ruu) during the period of depolarization only (GABA). **p << 0.01; *p << 0.05. Error bars
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—60 mV, Eg,pa recovered toward control
values over several minutes. Tonic con-
ductance increased in parallel to E;ypa
during depolarization to +40 mV and
continued to increase after Egapa ap-
proached a plateau (Fig. 9B). Tonic con-
ductance of the cell illustrated in Figure 9
peaked at 19.1 nS during depolarization
and underwent a rapid drop to 8.7 nS on
return to —60 mV, but remained above
the baseline value of 3.2 nS. PDP of tonic
conductance after this prolonged (150 s)
depolarization recovered to baseline with
a time constant of 104 s (Fig. 9B). Similar
results were obtained from other cells
studied in this manner (n = 4).

To assess the contribution of anion ac-
cumulation to PDP, we calculated the the-
oretical changes in tonic current that
would result solely from shifts in Eg,pa
for comparison to the observed changes in
tonic current. Without any change in conductance, tonic current
would decrease during depolarization as intracellular Cl ™~/
HCOj; accumulated (Fig. 9C, solid line). This is in contrast to the
slow increase in tonic current seen experimentally (Fig. 9C, open
circles). Immediately after repolarization, tonic current would be
increased by only 45 pA if there was only a shift of E;, 5, without
conductance changes, a small increase compared with the ob-
served increase in tonic current of 425 pA. Conversely, using
experimentally determined chord conductance values, we calcu-
lated the theoretical tonic current that would have resulted if
E;apa remained constant (Fig. 9C, solid triangles). Given a chord
conductance of 8.7 nS at the peak of PDP (I,.,;c = —590 pA;
EGapa = 7.6 mV), the peak tonic current would be —463 pA if
E;apa had remained constant at —7 mV. These calculations in-
dicate that an increase in conductance was the dominant reason
for the increase in current, and changes in electrochemical driv-
ing force caused by anion accumulation contributed no more
than 10-30% to PDP of tonic current.

160
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PDP was independent of direct effects of elevated
intracellular C1~ on GABA, receptors

The results presented above demonstrate an absolute increase in
whole-cell conductance during PDP of GABA current, indepen-
dent of driving force changes caused by anion accumulation
(Chabwine et al., 2004). In addition to effects on driving force,
elevations of [Cl ] can directly increase the unitary conductance
of GABA, receptors (Bormann et al., 1987; Fatima-Shad and
Barry, 1993). The similarity between the time course for recovery
of E;apa and conductance during PDP seen in Figure 9B raised
the possibility that modulation of single-channel conductance by
Cl™ ions contributed to PDP. To evaluate this possibility, we
measured GABA currents (1 uM) at —60 mV every 30 s before
and after GABA was applied during depolarization. In these ex-
periments, however, GABA was coapplied to depolarized neu-
rons with a low ClI~ bath solution (Na-methanesulfonate
substitution for NaCl, 3 mm Cl ™) so that GABA would produce
inward currents (outward movements of anions) even at +40
mV (Fig. 10). A transient outward current was seen at +40 mV as
the low Cl ™~ solution washed off while the receptors were still
deactivating. The net charge movement induced by GABA in low
Cl™ solutions was determined by integrating baseline-adjusted
traces recorded at +40 mV. The net charge movement produced
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by this procedure averaged —2.0 = 0.5nC
(n = 7), indicating a net outward move-
ment of anions despite the transient out-
ward current seen with solution exchange
during receptor deactivation (Fig. 10A).
PDP still occurred after GABA receptor
activation in low Cl~ solution (39 * 6%j;
n = 7), indicating that anion accumula-
tion is unnecessary for the production of
PDP (Fig. 10 B). The amount of PDP seen
with low Cl~ solutions was not signifi-
cantly different from that in cells on the
same coverslips using normal bath solu-
tion (42 = 4%;n = 3; p = 0.80). Transient
depolarization alone (without GABA ap-
plication) also potentiated GABA cur-
rents at —60 mV (16 * 6%; n = 3), but
this was reduced compared to that seen
with GABA application during depolar-
ization in normal or low Cl~ bath solu-
tion in cells from the same coverslips ( p =
0.02 and 0.05, respectively) (Fig. 10B).
Depolarization alone did not affect Eg 54
(see above). These data support the con-
clusion that PDP resulted primarily from
direct effects of membrane potential on
GABA, receptor function rather than the
effects of anion accumulation on driving
force and single-channel conductance.
Macroscopic GABA currents in outside-out
patches also underwent PDP, adding addi-
tional support to the conclusion that PDP
resulted from intrinsic receptor properties
independent of anion redistribution or cel-
lular factors (supplemental Fig. 3, available
at www.jneurosci.org as supplemental
material).

Potentiation of extrasynaptic GABA .

receptors during epileptiform activity

To determine whether a physiological or
pathophysiological pattern of depolariza-
tion can cause PDP of GABA, receptors,
we recorded spontaneous epileptiform
bursts during current-clamp experiments
in the presence of 4-aminopyridine (100
M) (Fig. 11A). We then used this wave-
form as a voltage-clamp command. This
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Figure8. PDP of GABA current resulted from increased conductance. A, Membrane currentsin response to voltage ramps before
(control) and after GABA application (1 wum). The GABA-evoked ramp current (“difference current”) was obtained from point-by-
point subtraction of these data for determination of reversal potential (i.e., £¢45,) and slope conductance. B, Schematic of exper-
imental protocol. Difference currents were obtained with voltage ramps 30 s before (t = —30s) GABA was applied to a neuron
depolarized to +40 mV (t = 0) and then 30 s after this depolarization (t = 30 s). C, GABA-evoked ramp currents during PDP.
Difference currents are plotted as a function of voltage in the left (t = —305) and right (¢t = 30's) panels. The middle panel shows
GABA response at +40 mV (t = 0). Slope conductance was determined from a linear fit to current between —60 and —10 mV
(solid lines in left and right panels). Chord conductance was calculated using the measured £, (indicated in figure) and current
at —60 mV. Voltage ramps were given ~2 s into GABA applications. Slope and chord conductance were hoth increased by
depolarization (values in figure). D, GABA-evoked (3 rum) ramp currents from a neuron recorded with pipette solution containing
15 mm (1. The protocol is the same as in B and C. £¢yg, shifted from —57 mV at baseline (t = —30s) to —32 mV after
depolarization (t = 30s). Slope conductances are indicated in figure. E, Mean values of slope and chord conductance for experiments with
[ ];, = 135 mu. The slope and chord conductances were increased by 60 and 56%, respectively (n = 5; p << 0.05). The legend
applies to this panel and F. Data with [Cl ~],, = 135 mmwere pooled from experiments with 1-3 jum GABA. F, Mean values of slope
and chord conductance for experiments with [Cl ~],, = 15 mm. During PDP with [Cl ], = 15 mw, conductance was increased by
91-132% (n = 5;p << 0.05). Data with [Cl ~J;, = 15 mm were obtained with 3 tum GABA. Error bars represent SEM. *p << 0.05.

the frequency of PDP with epileptiform depolarization was

waveform had a maximum action potential frequency of 40 Hz
and mean membrane potential of —25 mV. When this stimulus
was used during application of exogenous GABA (1-10 um),
current was potentiated after repolarization (Fig. 11B). Cur-
rent was measured 0.2 and 2 s after the depolarizing stimulus and
compared with control current (with no depolarization). Two
hundred milliseconds after the depolarizing stimulus, currents
were increased by 40.5 = 9 and 125 * 25% with 1 and 10 um
GABA, respectively (Fig. 11C) (n = 4 cells at each concentration;
p < 0.01). Tonic currents induced by 0.3 uMm exogenous GABA
were also potentiated (defined as >10% increase) by the patho-
physiological depolarizing stimulus in 7 of 10 cells (Fig. 11D, E).
Tonic currents were increased by 21 = 3 and 5 * 4% when
measured 2 and 20 s after the depolarizing stimulus, respectively
(Fig. 11F) (n = 7). Similar to results with step depolarizations,

greater in the presence of exogenous GABA. With endogenous
GABA, PDP of tonic currents was seen in only 3 of 10 neurons
after epileptiform depolarization, consistent with the smaller
magnitude of PDP seen with lower GABA concentrations. Although
the potentiation seen with epileptiform bursts was smaller than that
produced with step depolarization, these results demonstrate that
persistent, voltage-dependent changes in the function of
GABA, receptors underlying tonic conductance are likely to
occur during pathophysiological neuronal discharges.

Discussion

We describe substantial modulation of tonic GABA, receptor-
mediated current by membrane potential over a physiological
range, with approximately twofold increase in tonic conductance
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Figure 9.  Time course for PDP of tonic conductance. 4, Bicuculline-sensitive ramp currents. Ramp currents were recorded every 10s,

first at a holding potential of —60 mV, during depolarization to +40 mV, and then after repolarization to —60 mV. Voltage ramps were
from —30to +30mV over0.5s. lllustrated currents are difference currents obtained by subtracting ramp currents recordedin the presence
of bicuculline from control currents. Bicuculline (10 um) was applied every 30 —50s; the mean holding current n bicuculline was subtracted
from control holding current before each voltage ramp to yield tonic current amplitude. Times at which currents were measured are
indicated. Reversal potentials (i.e., £¢45,) shifted toward more positive values during depolarization and recovered slowly after repolariza-
tion. Currents were recorded in the presence 0f 0.3 um exogenous GABA. B, Double y-axis plot of tonic conductance (open circles) and £ 4
(solid line) showing time course of changes produced by depolarization to +40 mV (horizontal bar). Chord conductance was calculated
with E;yg4 and tonic current measured as in A. Conductance continued to increase during depolarization to +40 mV even after shifts in
E¢pgn approached a plateau. Conductance dropped to 8.7 nS immediately on repolarization to —60 mV, before substantial recovery of
Eapa, but remained above baseline values. The solid line represents a single exponential fit to the recovery portion of conductance data. G,
Time course for tonic current (open circles) from experiment in A and B. Theoretical changes in tonic current that would occur solely because
of changes in driving force produced by shifts in g4, assuming no change in conductance from baseline, are plotted as a solid line for
comparison with experimental data. PDP of tonic current in this situation would be only 27%, which is small compared with the 257%
potentiation observed experimentally. Conversely, the theoretical current amplitude using the conductance values from B but assuming
Ecagaremained constantat —7 mV throughout the experimentisillustrated as triangles. Inthis case, PDP would be 178%atits peak. Based
on these calculations, changes in electromotive driving force from anion redistribution contributed no more than 10-30% to PDP of tonic
current.
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with depolarization from —80 to —40
mV. Voltage-dependent increases of tonic
conductance were independent of GABA
release, and currents evoked with exoge-
nous GABA were outwardly rectifying, in-
dicating that the voltage dependence of
tonic inhibition is primarily attributable
to intrinsic GABA, receptor properties
rather than increased ambient [GABA]. A
novel finding is that augmentation of
tonic currents by voltage persists on repo-
larization, a phenomenon we have termed
PDP. This study adds to the mechanisms
by which depolarization produces persis-
tent changes in GABA,, current, including
alterations of Cl~ gradients (Chabwine et
al., 2004), internalization of receptors
(Goodkin et al., 2008), and interactions be-
tween receptors and GABA ,R-associated
protein (GABARAP) (Kawaguchi and
Hirano, 2007).

Contribution of anion shifts to PDP of
GABA , receptors

GABA, receptor activation affects intra-
cellular CI™ concentration (Staley et al.,
1995; Isomura et al., 2003). Our conclu-
sion that PDP results from direct effects of
voltage on GABA, receptor function de-
pends on assessing the consequences of
altered electrochemical driving force for
Cl /HCOj; . If anion accumulation dur-
ing depolarization was large enough to
potentiate currents after repolarization, it
should also reduce currents during the pe-
riod of depolarization. In contrast, we ob-
served a slow activation of current during
depolarization. Calculation of chord con-
ductance (using measured Eg ,,) directly
revealed an increase in GABA conduc-
tance during PDP. Thus, PDP of tonic in-
hibition is independent of changes in
electrochemical driving force caused by

In addition to effects on driving force, elevation of intracellu-
concentration increases the unitary conductance of

GABA , receptors (Bormann et al., 1987; Fatima-Shad and Barry,
1993). This cannot entirely account for PDP for several reasons.
First, the increase in current was similar in experiments with low
and high intracellular [Cl ] (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), whereas the effect
of intracellular [Cl ] on GABA , receptor conductance is greatest
at low [Cl ] (Fatima-Shad and Barry, 1993). Second, PDP was
seen with levels of depolarization at which there was little net
current flow (=10 to +10mV) (Fig. 5C) and PDP was induced in
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Figure10.  PDPwasindependent of intracellular (I ~ accumulation. 4, GABA currents mea- o C]

sured every 30 s before and after depolarization to +40 mV. At t = 0, GABA was coapplied to
the depolarized neuron in a low extracellular [Cl ] bath solution (Na-methanesulfonate sub-
stitution for NaCl, [CI ~], = 3 mu). The net charge movement induced by GABA in low [Cl ]
solution was —2.37 n(, indicating a net outward (I~ flux. PDP was still seen despite this
reduction in intracellular CI ~ concentration. No baseline adjustment was made to the dis-
played records. B, Mean normalized current from seven experiments as in A (open circles). The
filled circle represents the mean PDP produced by transient depolarization alone without GABA
application. The solid line i a single exponential function. Error bars represent SEM.

bath solutions that caused a reduction in intracellular
Cl™ (Fig. 10). Third, tonic conductance continued to increase
during depolarization after changes in E; .5, approached a pla-
teau (Fig. 9B). Finally, calculations of conductance do not sup-
port a large effect of intracellular [Cl ] on GABA, receptor
conductance. In the extreme case of anion accumulation (Fig.
9B), intracellular [Cl ] was ~104 mm at baseline and ap-
proached a plateau near 180 mm during depolarization (as-
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suming no change in extracellular CI7/ A

HCO; or intracellular HCO; ). With

these Cl~ concentrations, we estimate

from the literature that unitary conduc- '
tance at —60 mV would increase from
~26 to ~40 pS, a 53% increase (Fatima-
Shad and Barry, 1993). This is small com-
pared with the observed whole-cell
conductance increase of 178% during
PDP (measured before Eg 5, recovered).
These considerations support the conclu-
sion that PDP is primarily attributable to
direct effects of voltage on GABA, recep-
tor function that persist on repolarization.
Our estimates suggest that intracellular
anion accumulation contributes no more
than 30% to PDP of tonic conductance.

Mechanism for PDP of GABA ,

receptor function

Depolarization affects GABA, receptor
function by slowing desensitization (Ha-
blitz, 1992; Oh and Dichter, 1992; Yoon,
1994), increasing open probability
(Weiss, 1988; Curmi et al., 1993), increas-
ing single-channel conductance (Gray
and Johnston, 1985; Fatima-Shad and
Barry, 1993), enhancing GABA affinity
(Fisher, 2002), and slowing deactivation
(Mellor and Randall, 1998; Pytel and
Mozrzymas, 2006). One or more of these
effects likely contribute to PDP. One pos-

sibility is that modifications of conforma- <60
tion and/or kinetic behavior that occur to £ 0
favor slower deactivation, higher open >.60

probability, higher conductance states,
and higher GABA affinity recover slowly
on repolarization. Cellular factors includ-
ing kinases, phosphatases, and structural
proteins (e.g., GABARAP/RAPSYN) that
modulate GABA, receptor function and
cellular localization may also influence
PDP (Jones and Westbrook, 1997; Brandon
etal., 2000; Chen et al., 2000; Everitt et al.,
2004; Kawaguchi and Hirano, 2007;
Marsden et al., 2007). However, these
types of GABA, receptor modifications
are manifest over longer time frames than that seen for PDP
(which never lasted >3 min). We did not examine the participa-
tion of second messenger cascades, but calcium entry is unlikely
to be involved because voltage-dependent increases of tonic con-
ductance occurred in zero extracellular Ca®*/1 mm EGTA. PDP
of tonic currents was also observed with 10 mm intracellular
BAPTA (our unpublished observations).

The voltage dependence of GABA 4 receptors is dependent on
subunit composition. The molecular substrates for the voltage
dependence of GABA, receptors are complex with interplay be-
tween expressed subunits. For example, o1 338 receptors are out-
wardly rectifying and a6338 receptors are inwardly rectifying but
this pattern switches for binary receptors without & subunits,
with marked outward rectification of a633 receptors compared
with «1B3 (Bianchi et al., 2002). Basic amino acids in « and 8
subunits influence voltage-dependent properties (e.g., rectifica-

Figure 11.
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GABA current was potentiated by an epileptiform burst. A, Membrane potential of a hippocampal neuron in the
presence of 4-aminopyridine (100 wm). Bursts of high-frequency action potentials occur spontaneously. Data enclosed in the
dashed box were used to create the stimulus waveform used in voltage-clamp experiments. B, Responses to GABA (1or 10 wum) at
a holding potential of —60 mV with and without epileptiform depolarization. Current amplitude was measured 0.2 and 2 s after
the stimulus (see dashed lines in right panel) and compared with control currents at the same time points. ¢, Mean potentiation of
GABA current by epileptiform depolarization at 0.2 and 2 s after repolarization (n = 4). D, Tonic current before and after epilep-
tiform depolarization. lllustrated currents are the average of three trials from this cell recorded in presence of 0.3 um exogenous
GABA. E, Normalized tonic current amplitude from experiment in D. F, Mean potentiation of tonic current by epileptiform depo-
larization (n = 7). Error bars represent SEM.

tion, desensitization, and deactivation) (Fisher, 2002; Leidenhei-
mer, 2003). Because tonic inhibition in hippocampal neurons is
mediated by both a5 subunit- and 6 subunit-containing recep-
tors, we speculate that these contributed to the voltage depen-
dence and PDP of tonic inhibition described here (Glykys et al.,
2008). Indeed, current mediated by @133 and a5B3y2L recep-
tors display significant outward rectification, similar to tonic cur-
rents (Burgard et al., 1996; Bianchi et al., 2002; Semyanov et al.,
2003).

Because PDP is independent of anion shifts, reduction of PDP
with GABA , receptor antagonists must result from disruption of
normal GABA, receptor gating during depolarization. Thus,
modulation of extrasynaptic GABA , receptors by voltage is facil-
itated by agonist occupancy and gating (Weiss, 1988). Consistent
with this, transient application of exogenous GABA during depo-
larization (to activate more receptors) enhanced PDP of endog-
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enous tonic currents and currents evoked with periodic GABA
application. In the case of tonic currents, exogenous GABA ex-
posure during depolarization could enhance PDP by increasing
the fraction of agonist-bound receptors. This is unlikely the only
effect of depolarization because currents produced with periodic
application of GABA also underwent PDP, indicating persistent
augmentation of receptor function independent of an increased
fraction of agonist-bound receptors. Variable activation of extra-
synaptic receptors by ambient GABA in cultured neurons (be-
cause of differences in cell density or geometry of cell-cell
contacts) may explain why PDP of endogenous tonic current was
observed in only 67% of cells compared with 100% of cells with
exogenous GABA. The activation of a greater number of recep-
tors with exogenous GABA would lead to a greater number of
receptors undergoing PDP, thereby increasing the magnitude of
PDP and the frequency that PDP of tonic currents was observed.

Significance of voltage-dependent tonic conductance
and PDP
Our results were obtained in cell culture at room temperature,
very different conditions from the situation in vivo. However,
because we are studying intrinsic biophysical properties of
GABA , receptors, and ambient GABA is present both in vitro and
in vivo, our basic observations are likely relevant to the in vivo
situation. Temperature elevations do not affect tonic current in
hippocampal slice (Semyanov et al., 2003) and GABA currents in
CALl pyramidal cells are outwardly rectifying at near-physiological
temperatures (30-34°C) (Ashwood etal., 1987). These findings sug-
gest that the voltage-dependent potentiation we report would also be
seen at higher temperatures, although we have not tested this.
Tonic inhibition regulates neuronal excitability through ef-
fects on membrane potential and input resistance. The effect on
membrane potential is dependent on the chloride gradient and
could be hyperpolarizing or depolarizing. Independent of polar-
ity, tonic GABA conductance provides a shunting form of inhi-
bition, reducing the response to synaptic inputs. This alters the
input-output relationship of neurons by offsetting action poten-
tial threshold and reducing action potential frequency (Brickley
et al., 2001; Mitchell and Silver, 2003; Semyanov et al., 2003;
Chadderton et al., 2004; Cope et al., 2005; Bonin et al., 2007).
During high-frequency firing, when the mean membrane poten-
tial of hippocampal neurons can be —25 mV, we estimate that
tonic conductance would increase by ~68% (for resting potential
of =70 mV). Experimental and theoretical work predict this will
further offset stimulus threshold and reduce the gain of action
potential firing in response to excitatory synaptic inputs (Doiron
et al., 2001; Mitchell and Silver, 2003). However, recent results
indicate that the primary effect of tonic conductance in CAl
pyramidal cells is to offset action potential threshold (Pavlov et
al.,, 2009). Voltage-dependent increases in tonic conductance
may allow hippocampal neurons to rapidly adjust their input—
output relationship in response to ongoing neural activity.
Voltage-dependent modulation of tonic conductance is mag-
nified by its persistence after repolarization. We found that PDP
occurred with patterns of depolarization similar to that experi-
enced by neurons during ischemia and seizures. The magnitude
of PDP was dependent on GABA concentration, making PDP
highly relevant to these pathological conditions that involve large
depolarizations accompanied by increased extracellular GABA
(During and Spencer, 1993; Allen et al., 2004). PDP of tonic
conductance is well suited to provide negative feedback over sec-
onds to minutes in these situations. Because membrane potential
fluctuations do not occur uniformly throughout neurons,
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voltage-dependent modulation and PDP could occur within spe-
cific subcellular compartments. Potentiation of tonic inhibition
in dendrites would alter synaptic integration and affect action
potential propagation, similar to the effects of other ion channels,
with implications for both firing rate and synaptic plasticity
(Sjostrom et al., 2008).
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